In the Knill-Laflamme-Milburn (KLM) scheme, quantum teleportation is nearly deterministically carried out with linear optics. To reconstruct an original quantum state, however, a phase shift is required for an output state. We exhibit a proper phase shift to complete quantum teleportation.
Introduction
In quantum information theory, quantum teleportation [1] plays a central role. In the KLM scheme [2] , quantum teleportation with linear optics is fundamental. Using 2n-modes ancillary system, we obtain the success probability n n+1 of quantum teleportation [2] - [4] . In the ordinal quantum teleportation scheme, an output state should be corrected corresponding to a set of measurement values [1] . In Ref. [2] , it is stated that a phase shift is necessary to an output state. The angle of the phase shift, however, is not explicitly shown. The purpose of this letter is to exhibit a proper angle of the phase shift.
Discrete Quantum Fourier Transform
In the KLM quantum teleportation protocol, we prepare the following state for the 2n-modes ancillary system
where
2 )|0000 , whereâ † i denotes a photon creation operator of the i-th mode. In the KLM protocol, a quantum state |ψ = α|0 + β|1 (|α| 2 + |β| 2 = 1) in the 0-th mode is teleported to an (n + m)-th mode (m = 1, 2, · · · , n) in the ancillary system. An (n + 1)-point discrete quantum Fourier transform F n+1 is applied to the 0-th mode and the first n modes in the ancillary system. The discrete quantum Fourier transform F n+1 can be written in matrix notation as
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a) E-mail: oshima@elc. where ω = e 2π n+1 i . After the discrete quantum Fourier transform, we measure the number of photons in the first (n + 1) modes. If the photon number is m(1 ≤ m ≤ n), the quantum state |ψ has been teleported to the (m + n)-th mode in the ancillary system. For the cases m = 0 and m = n + 1, the quantum teleportation fails and the original quantum state |ψ has been lost. This failure probability is 1 n+1 . Even for the successful case m(1 ≤ m ≤ n), a proper phase shift should be made on the (n + m)-th mode. As far as the author knows, a proper angle of the phase shift is not known in the general case. We exhibit the proper angle of the phase shift below.
After the discrete quantum Fourier transform of the state |ψ |t n , the photon number m state can be expanded as follows
where the sum runs over all partitions of m into n + 1 non-negative integers
are expansion coefficients. These expansion coefficients correspond to the (n + 1)-point discrete quantum Fourier transform of |0 |1 m |0 n−m and |1 m |0 n+1−m , respectively. Let us introduce a unitary operatorÛ that performs the (n + 1)-point discrete quantum Fourier transform F n+1
We easily obtain
Comparing |0 |1 m |0 n−m with |1 m |0 n+1−m and taking the definition of F n+1 into account, we see that f (|k 0 k 1 · · · k n ) can be obtained by replacing ω j with ω j+1 in the expression of g(|k 0 k 1 · · · k n ). After some combinatrics we obtain our main result Copyright c 2013 The Institute of Electronics, Information and Communication Engineers
Therefore, Eq. (3) can be written as
Thus, if we measure a set of photon numbers
, we obtain the state ω n j=0 jk j α|0 + β|1 in the (n + m)-th mode in the ancillary system. Performing a phase shift |1 → e iϕ |1 with ϕ = 2π n+1 n j=0 jk j , we obtain the original quantum state |ψ = α|0 + β|1 . The probability to obtain a set of measurement values
From Eq. (5), the probability to obtain a photon number m(1 ≤ m ≤ n) is 1 n+1 . Therefore, the success probability sums up to n n+1 , which is a well-known result.
Conclusion
We have examined quantum teleportation in the KLM scheme. We have found the proper phase shift to complete quantum teleportation. If a set of photon numbers of the first n + 1 modes is |k 0 k 1 · · ·k n after the (n + 1)-point discrete quantum Fourier transform F n+1 , we only have to perform a phase shift |1 → e iϕ |1 with ϕ = 2π n+1 n j=0 jk j on the (n + k 0 + k 1 + · · · + k n )-th mode in the ancillary system.
